Abstract Snow depth patterns over glaciers are controlled by precipitation, snow redistribution due to wind and avalanches, and the exchange of energy with the atmosphere that determines snow ablation. While many studies have advanced the understanding of ablation processes, less is known about winter snow patterns and their variability over glaciers. We analyze snow depth on Haut Glacier d'Arolla, Switzerland, in the two winter seasons 2006-2007 and 2010-2011 to (1) understand whether snow depth over an alpine glacier at the end of the accumulation season exhibits a behavior similar to the one observed on single slopes and vegetated areas; and (2) investigate the snow pattern consistency over the two accumulation seasons. We perform this analysis on a data set of high-resolution lidar-derived snow depth using variograms and fractal parameters. Our first main result is that snow depth patterns on the glacier exhibit a multiscale behavior, with a scale break around 20 m after which the fractal dimension increases, indicating more autocorrelated structure before the scale break than after. Second, this behavior is consistent over the two years, with fractal parameters and their spatial variability almost constant in the two seasons. We also show that snow depth patterns exhibit a distinct behavior in the glacier tongue and the upper catchment, with longer correlation distances on the tongue in the direction of the main winds, suggesting spatial distinctions that are likely induced by different processes and that should be taken into account when extrapolating snow depth from limited samples.
Introduction
Snow depth patterns over complex mountainous terrains are highly heterogeneous (e.g., Clark et al., 2011; Liston et al., 2007; Mott et al., 2010) and controlled by multiple processes acting at different scales: (i) heterogeneous precipitation patterns, determined by winds and the modification of air flows induced by the orography, which are effective at both the local (Dadic et al., 2010a; Lehning et al., 2008) and the mountain range scale; (ii) the redistribution of deposited snow by wind and/or the canopy interception of snow (Deems et al., 2006; Trujillo et al., 2007 Trujillo et al., , 2009 ; (iii) the gravitational redistribution by avalanches, which is important in locations of steep relief (Gruber, 2007) ; and (iv) the energy exchange at the snow-atmosphere interface, determined by the dominant meteorological forcing and its interaction with topographic factors such as exposure and slope, which affects snowpack surface and internal energy budget, thus controlling melt rates and their spatial and temporal variability. Spatial and temporal variability of snow distribution influences snow melt patterns, mass balance distribution and runoff timing (Anderton et al., 2004; Dadic et al., 2008; Egli et al., 2012; Kerr et al., 2013; Luce et al., 1998) . While first-order controls on snow patterns have been relatively well established, at least qualitatively, models that can reproduce those spatial and temporal variability still suffer from several limitations. Energy balance snow models require meteorological and surface input data that are rarely available: (i) in situ; (ii) at the spatial resolution compatible with the scale of the dominant processes (Trujillo et al., 2007) ; and (iii) for long-term simulations. The scale at which snow models work should be selected based on the scales of the processes that models aim at simulating (Trujillo et al., 2007) . Knowledge of snow depth patterns and their changes over decadal scales is still limited, as most studies have looked at few years of observations, and a deep understanding of the quantitative controls is still lacking, especially on glaciers. As a result, several hydrological and mass balance models often simulate snow accumulation in a simplified manner (e.g., Huss et al., 2008; Machguth et al., 2006) .
Efforts to characterize snow cover distribution have focused on relationships between snow depth properties and topographic variables such as slope, aspect, and curvatures that can be easily obtained from digital elevation models (DEMs; Blöschl & Kirnbauer, 1992; Elder et al., 1991 Elder et al., , 1998 McGrath et al., 2015) . These variables affect the interaction of snow with wind and topography and represent an integrated index of the energy controls that deplete and melt the snowpack. Other studies have sought statistical relationships between snow, topography, and meteorological variables such as wind and radiation (Erickson et al., 2005; Winstral & Marks, 2002; Winstral et al., 2013) . However, regression-type relationships are only able to explain a small percentage of the observed variability (Trujillo et al., 2007) and, being based on empirical relationships, are site specific and not valid for environments different from those they have been derived for.
A number of recent investigations have advanced our understanding of snow spatial and temporal variability by employing fractals and scale invariance to analyze the properties of the spatial structure of high spatial resolution snow depth fields (Deems et al., 2006; Trujillo et al., 2007 Trujillo et al., , 2009 ).
This analysis is usually conducted by way of two approaches: (i) using variograms (Deems et al., 2006; or (ii) looking at the power spectral densities (Trujillo et al., 2007 (Trujillo et al., , 2009 ). Most of the recent investigations on snow spatial scaling and patterns have used the first technique, in which fractal analysis is conducted by looking at the variation in the standard deviation or semivariance of snow depth as a function of sample distance, and fractal dimensions can be calculated from a log-log form of the variogram. Regions where the scaling behavior changes can be identified through scale breaks that indicate distances at which the underlying processes are likely to change. Fractal dimensions and scale break distances also have the advantage that they are quantitative values that can be compared and used to determine whether the fields properties are similar over different periods (or areas) . Power spectra of snow depth also provide scale break values (between the two frequency intervals).
There is remarkable agreement among the results of these investigations, which all pointed at a multiscale behavior of snow depth fields with two distinct regions separated by a scale break located at scales of the order of meters to tens of meters (Deems et al., 2006; Trujillo et al., 2007 Trujillo et al., , 2009 . A linear law type increase (in the log-log plot) in the semivariance or power spectral density was evident up to sampling distances of the order of tens of meters, after which the relationships tend toward a horizontal line in the log-log plot. This result indicates the existence of two-scaling fractal regimes with a more strongly spatially correlated structure before the scale break. In turn, this suggests the existence of different processes controlling snow accumulation over the two scales, and the scale break distance is typically assumed to be the length at which the underlying processes change (Deems et al., 2006) .
The scale break distance is relatively consistent (varying between 6 and 40 m) across study sites, despite differences in physiographic characteristics, geographical regions, and the range of the observed snow depth values. Substantial efforts have been devoted to identify the processes influencing the variation of scale break distance. In vegetated areas, shorter break distances (9-12 m) have been associated with the influence of canopy interception when the effect of wind on snow redistribution was minimal (Trujillo et al., 2007) , while longer break distances (15-40 m) were associated to the interaction of wind, vegetation and terrain roughness (Deems et al., 2006) . In nonvegetated areas, shorter (6 m) and longer scale break distances (20 m) have been instead explained by the interaction of wind with the terrain roughness in exposed and sheltered mountain slopes, respectively . Among the investigations based on fractal properties, only Arnold and Rees (2003) and Helfricht et al. (2014) have looked at the snow spatial distribution over glacier surfaces. Arnold and Rees (2003) found that the variogram of the snow depth distribution flattened at separation distances between 10 m and 30 m in the summer and 35 m and 45 m in spring, but using a limited sample of manually collected snow depth data. Helfricht et al. (2014) instead did not find a break in the scaling behavior between shorter and longer distances.
Among the numerous recent studies on snow fractal properties, one topic that has been looked at by means of fractal properties is whether snow depth fields exhibit the same spatial structure and fractal properties over time, what has been indicated as consistency (Deems et al., 2008) or persistency . Fractal dimensions and scale break distances can be compared to determine whether the fields properties are statistically similar over different periods (or different areas), thus hinting at the persistence over time of similar controlling processes. The relevant literature seems to suggest that, in general, snow depth fields seem to exhibit the same spatial structure over time. Deems et al. (2008) found that the estimated fractal parameters in two different years at two sites were consistent and interpreted this result as due to a similar interaction over the two years of the factors that control snow accumulation in those environments: vegetation, wind and terrain. A similar conclusion was reached by , who found a strong interannual Water Resources Research 10.1029 consistency between the snow depths over an alpine slope at time of peak accumulation in two consecutive winters. The only study at a glacierized site (Helfricht et al., 2014) found contrasting results, as snow cover was found to be persistent over 5 years on the ice-free terrain but not on the glacier surfaces.
Most of the recent studies have taken advantage of the availability of dense, gridded data of snow depth derived from airborne and terrestrial light detection and ranging (lidar) surveys (Helfricht et al., 2014; Mott et al., 2010; Trujillo et al., 2007) , in contrast to the less rich data sets of manual measurements (e.g., Arnold & Rees, 2003) . This made it possible to cover larger areas with denser intervals as compared with manual probing (Deems et al., 2013) and to achieve a higher accuracy.
In this paper, we analyze snow depth data collected on the Haut Glacier d'Arolla, an Alpine glacier in Switzerland, obtained from high-resolution helicopter-borne lidar surveys in the two seasons 2006-2007 and 2010-2011 (section 2) . Our two main aims are to (i) investigate the scaling nature of the data sets and (ii) test whether the fractal characteristics are consistent over the two seasons. We postulate that topography and meteorological forcing control at least in part the obtained patterns, and for this we analyze the concurrent meteorological conditions in the catchment using data from two permanent automatic weather stations (AWSs), focusing in particular on wind speed and direction (section 2).
Study Site and Data

Study Site
Haut Glacier d'Arolla is a small valley glacier located in the southwestern part of the Swiss Alps ( Figure 1a ). The catchment area is approximately 13 km 2 , of which about 6.3 km 2 is glacierized (48% of the watershed area). The elevation range spans between 2,500 and 3,800 m above sea level (asl). Two permanent AWSs, hereafter denoted as T1 and T2 (Figure 1a ), provide the meteorological data to characterize the two seasons. T1 is located at 2,600 m asl and about 900 m from the glacier snout, while T2 lies on the Eastern slopes of the glacier, in a flat area sheltered to the north by surrounding peaks (Figure 1a ).
Meteorological Observations
Meteorological data from the two AWSs in the period between the two lidar acquisitions are analyzed to characterize the meteorological conditions in the two accumulation seasons. The two AWSs recorded air temperature, relative humidity, incoming and reflected shortwave radiation, incoming and outgoing longwave radiation, wind speed and direction, and precipitation. T2 is additionally equipped with an ultrasonic depth gauge (UDG), which provided snow depth measurements. All measurements were recorded at a 5-min interval and aggregated to hourly values for this analysis. In particular, for this study we examined precipitation, snow depth, air temperature, wind speed, and wind direction. We corrected precipitation measurements for wind-induced undercatch losses using the approach developed by Nešpor and Sevruk (1999) as reported for an automatic unshielded precipitation gauge by Zweifel and Sevruk (2002) . The approach accounts for wind-induced losses with correction factors varying as a function of wind speed, precipitation phase, and intensity.
Lidar DEMs
Snow accumulation over the catchment was obtained as the difference between two high-resolution DEMs generated from helicopter-borne lidar measurements carried out at the beginning and at the end of the accumulation season in the two years. The lidar measurements were acquired during surveys on 1 November 2006 and 15 October 2010 (beginning of accumulation season) and 1 May 2007 and 6 May 2011 (end of accumulation season). The helicopter-borne lidar technology was based on a portable system integrating a high-resolution digital camera (H1D) and an airborne laser scanner (Riegl LMS-Q240i) with high-accuracy global positioning system and inertial navigation sensors (iMAR FSAS; Skaloud et al., May 2006) . Once the raw data were acquired, spurious data and noise were removed to obtain only returns of the ground, snow, and ice surfaces. These were then filtered with a point-thinning technique to deal with the returns from cliff overhanging sections. The planar representation of these landscape features can produce different elevations in correspondence of the same point position and generate spikes and artifacts in the terrain model. For this purpose a z tolerance algorithm, which kept the highest point in a defined cell size, was used (J. Vallet, personal communication, 2013) . The point-thinning procedure reduced the size of the data, but maintained constant the point density (around 3−4 pts/m 2 ). Each thinned data set was then used to generate a triangulated -2007 - , respectively (J. Vallet, personal communication, 2013 .
Snow Depth Data
Snow depth distributions obtained as difference between each pair of DEMs exhibited some negative values and some high positive values. The high positive values were found by visual inspection to be limited to the DEM borders, while negative values were present on the catchment steep slopes and where the terrain roughness was high, for example, in correspondence to the western lateral and medial moraines of the glacier. Positive values are artifacts due to the different elevation values assumed by the cliff overhanging sections in each of the two initial DEMs. Negative values imply that the surface at the end of the accumulation season is lower than the one at the beginning. On the steep slopes this can be the result of the combined effect of the data accuracy and the error introduced by the interpolation to produce snow-covered and snow-free surfaces. This latter type of error is also related to the terrain surface complexity (Deems et al., 2013) .
Negative values represented only a small percentage (about 2%) of the total amount of points and over the glacier this percentage was even smaller (about 0.01%). The numbers of points with snow depth higher than 10 m, which is the maximum amount estimated at the foot of the slopes and in correspondence of crevasses, was about 0.3% of the total amount of grid points. As both types of values were a small percentage of the total amount of grid points, they were not considered in the analysis of snow depth spatial properties on the glacier and in seven subareas of equal area covering the main glacier (Figures 1a-1c ).
Methods
The concept of fractal geometry was formalized by Mandelbrot (1977 Mandelbrot ( , 1982 to describe self-similarities of natural geometric patterns across scales. Fractal objects can be characterized by scale invariance, that is, parts of the object preserve the geometrical or statistical characteristics of the whole under scale transformations (Mandelbrot, 1982) . The scaling relationship of the fractal object with its geometrical or distributional characteristics under scale transformations is quantitatively described by the fractal dimension. This describes the topology of an object in the fractal space quantifying the magnitude of the complexity or irregularity of the fractal object (Mandelbrot, 1977 (Mandelbrot, , 1982 . In contrast to the spatial dimension in the Euclidean geometry, the fractal dimension can assume any noninteger value, for example, values between 1 and 2 for a curve and between 2 and 3 for a surface. A surface fractal dimension can be any noninteger value between 2 and 3, with an infinitely rugged (complex) surface having a fractal dimension of 3 and a perfectly smooth surface a fractal dimension of 2. Low-surface fractal dimension values have been thus interpreted as characterizing smooth and persistent structures, and high fractal dimension values as representative of rugged and nonpersistent structures. In contrast to mathematical objects, natural patterns showed a fractal behavior, that is, self-similarity or, more in general, self-affinity, over limited regions, ranges of scale and over more than one scaling region (e.g., Klinkenberg & Goodchild, 1992; Mark & Aronson, 1984; Sun et al., 2006) . Similarly to the patterns of other variables describing natural phenomena or processes, snow depth fields also have been shown to have more than one scaling region. In this case, the fractal dimension can still be used to describe the variability over different scaling windows and the length of change in spatial variability (scale break length), often associated with the influence of physical processes acting at different scales (Deems et al., 2006; Trujillo et al., 2007) . The fractal dimension and the length of change in the spatial variability have been mostly derived from the shape of the variogram function (Arnold & Rees, 2003; Deems et al., 2006; Shook & Gray, 1996) . In this study we follow the same approach to investigate the fractal behavior of the snow depth distribution over the glacier and we consider the snow depth distribution having a certain degree of spatial organization until the maximum sample distance.
The empirical variogram expresses, on average, the relationship between the variance of the observations, (h), and their separation distance, h. It is formally defined by the following equation:
where z i and z j are the snow depth observation pairs and N(h k ) is the total number of such pairs in the lag distance class h k (Webster & Oliver, 2007) .
In case of scale invariance, or more in general self-affinity, the variogram of a variable is described by a power law
The exponent b is related to the fractal dimension of the surface, D, through the equation:
and it can be estimated from the slope of the least-square fitted linear function that fits the dependence of the semivariance on the lag distance in the log-log scale (Gao & Xia, 1996) .
The variogram can be used to explore the semivariance of the observations as a function of distance classes only (the so-called omnidirectional variogram) or by looking at these classes in a given direction (the so-called directional variogram). In this analysis, both omnidirectional and directional variograms are calculated for the snow depth over the entire glacier and in each of the glacier subareas. The directional variograms are calculated to detect possible anisotropy in the snow depth spatial distribution and thus differences of the fractal dimension with direction.
The snow depth fields used to compute the omnidirectional and directional variograms in the glacier subareas are used at the best spatial resolution (1×1 m), while the snow depth used to calculate the omnidirectional variograms over the entire glacier are resampled to 5×5 m resolution, which represents the best compromise between representativeness and computational demand. The maximum distance considered in the variogram calculation was set equal to half of the maximum point pairs distance for the computation of the variogram over the whole glacier and to the maximum distance of 500 m for the computation of the variogram over the subareas. Following Deems et al. (2006) and , we divided the maximum distance in 50 log-width intervals. The higher amount of bins at short distance obtained in this way in comparison with the linear width allows to better identify the correlation structure at shorter scales and to improve the variogram fitting.
Directional variograms were computed for 16 classes each of 22.5 ∘ . Theoretical variograms were then fitted to the empirical variograms with a piecewise linear regression function which minimizes the sum of the square residuals. This guarantees the continuity of the modeled function when changes in the semivariance slope occur and different scaling regions can be identified. The distance at which the slope of the fitted variogram changes corresponds to the scale break distance, L, while the scaling behavior before and after the scale break can be characterized through the fractal dimensions, indicated as D s and D l , respectively, for the short and the long regions. These metrics are used to describe the fractal behavior of the snow depth fields and to compare their similarities.
We also analyzed the fractal structure and fractal parameters for four subareas, of 500 × 500 m, located outside of the glacier surface, to assess differences in spatial structure compared to the glacier areas and potential influences of glacier characteristics on the spatial scaling patterns of snow depth. We defined four areas of snow-covered terrain on the slopes and in the proglacial valley (Figure 1 ), which we selected to have the most similar range of slopes to the glacier subareas, to limit the effect of steep slopes on the accuracy of snow depth data and given that slope can significantly affect snow redistribution by gravity. For the four off-glacier subareas, we calculated the main statistics, the omnidirectional variogram and the fractal parameters as for the glacier subareas, for the snow depth distribution in 2011.
Results
Meteorological Forcing
Daily cumulative precipitation corrected for undercatch losses at the automatic weather station T2 is shown in Figure 2a . (Figure 2d ) suggest that little melt had occurred before the lidar surveys in both years. To corroborate this, we calculated melt and snow water equivalent at the location of T2 (Figure 1 ) using the physically based snowpack model Crocus (Brun et al., 1989 (Brun et al., , 1992 Vionnet et al., 2012) for the two accumulation periods. The estimated cumulative melt in the period between 1 March, when an increase of air temperature is observed, and the second survey at the peak of accumulation, is 9 mm in 2007 and 7 mm in 2011. These are very small values, which suggest that, at least in the upper areas of the glacier, snow depth patterns have not been affected by melt.
Following Deems et al. (2008) , we computed wind direction frequencies at both stations for two subsets of data, namely, those corresponding to precipitation events only, that is, when a daily precipitation amount different from 0 is measured (Figure 3 ) and those corresponding to wind speed observations larger than 5 m/s only (Figure 4 ).
Wind directions are remarkably consistent in the two winters. During precipitation events, wind at T1 mostly comes from the east and east southeast in both seasons (Figure 3a) , indicating that the air flow follows the 
Snow Accumulation From Lidar
The distribution of snow depth is shown in Figure 5 for both the entire glacier and the seven subareas of 500 × 500 m. The median of the distributions is higher in 2011 than in 2007, and the dispersion around the median, represented by the box boundaries, is slightly higher in 2011 than in 2007. A trend is evident in the snow depth distribution over the glacier in the two seasons: the median snow depth increases from the tongue (subareas 1-3) to the subareas of the southeastern part of the upper catchment (4-6). The highest values of the median and mean correspond to subareas 4 to 6 both in 2007 and in 2011 (Table 1 ). This trend is more marked in 2011 than in 2007. The smallest spreads of the distributions are found in correspondence of subareas 5 and 6 in both years.
The lowest and the highest snow depth variability correspond to subareas 5-6 and 1-7, respectively (Table 1) . When comparing the subareas' snow depth distributions to the one computed for the entire glacier, the median snow depth in subareas 1-3 and 7 is below the value for the entire glacier in both seasons, while the median snow depth in the upper catchment is higher or of the same magnitude. The spatial correlation of the snow depth distribution is shown in Figure 6 for an area of 200 × 200 m centered in each of the seven glacier subareas and calculated up to x lag and y lag of ±100 m. There are clear differences in correlation structure between the areas on the glacier tongue and in the upper section. On the glacier tongue (subareas 1 and 2), the two-dimensional correlograms show an anisotropic decay, reaching the value of 0.4 for a lag of the order of 50 m in the north-south direction ( Figure 6 ). This finding indicates that small-scale variability prevails in the direction east-west, while longer scale variability prevails in the north-south direction in these subareas. In the upper catchment instead, the correlation function of the snow depth shows little anisotropy with ring-shaped contour lines up to a correlation function value of 0.2 for lags of the order of 15 m (subarea 5; Figure 6 ). The spatial differences in the snow depth correlation structure between the tongue and the upper catchment subareas are temporally consistent in the 2007 and in 2011.
Snow Depth Variograms 4.3.1. Omnidirectional Variogram of the Glacier Snow Depth
Omnidirectional variograms of the glacier snow depth in the log-log scale are shown in Figure 7 . In both seasons snow depth shows a scaling behavior with two characteristic domains where the semivariance between neighboring snow depths, rapidly increases up to a distance of about 20 m and less rapidly after, as indicated by the slope of the fitted linear variogram in the log-log space. For both seasons, fractal dimensions are about 2.5 and 2.9 before and after the scale break, respectively (Table 2) . A lower fractal dimension at short distances indicates that the snow depth spatial structure is more autocorrelated before the scale break than after.
Omnidirectional Variogram of the Subareas Snow Depth
Omnidirectional variograms of the snow depth in the log-log scale show a scaling behavior with two characteristic domains for all sub areas (Figure 8 ). This behavior is consistent between the two years across the majority of the subareas, with the only exception of subarea 7. Except for the snow depth distribution in this subarea, distributions in all the other subregions are characterized by similar D s and D l ( (Table 2 ) and is rather constant across subareas. The length of the scale break, L, varies for all the subareas between 10 and 35 m (Figure 9b ). The scale break distance is smaller on the glacier tongue (sub-area 1-3) than in the upper catchment (sub-area 4, 5 and 7) and, for the same sub-area, is lower in 2007 than in 2011 ( Figure 9 and Table 2 ).
Directional Variogram of the Subareas Snow Depth
Exploiting the dense and uniformly spaced grid of data points provided by the lidar data sets, we also calculated directional variograms for different angle classes to explore the fractal dimension dependence on direction and identify the presence of possible anisotropies. Figure 10 shows the directional variograms in the log-log scale of the snow depth computed for two selected directions, north-south (0 ∘ ) and east-west (90 ∘ ), for the year 2011. In these two directions, the scaling behavior appears significantly different between the areas of the glacier tongue (subareas 1a and 2) and those of the upper catchment (subareas 5 and 6), with the subareas 3 and 4 showing an intermediate behavior. On the glacier tongue the scale break occurs at shorter distances and the semivariance is higher in the east-west direction than in the north-south. The difference between the fractal behavior in these two directions becomes less evident for the subareas 3 and 4 and not noticeable for the subareas of the upper catchment. On the glacier tongue, the short-range fractal dimension is larger in the direction north-south compared to the direction east-west. The short-range fractal dimension in the direction north-south is also higher than any other direction (Figure 10 ).
Discussion
Multiscaling Behavior
Analysis of the omnidirectional variograms has shown that the snow depth has a multiscaling structure both when the entire glacier and the glacier subareas are considered. This result is in agreement with most studies on snow covered but not glacierized sites, which found multiscaling behavior of snow depth across locations of different size, elevation, latitude, and land cover (Deems et al., 2006; Trujillo et al., 2007) . The glacier and glacier tongue subareas have D s similar to those found in the previous studies, while in the upper catchment D s is higher than those found in the previous studies. D s in the upper catchment above 2.5 indicates a less correlated structure, with short-range variations of small amplitude given the lower snow depth semivariance (subareas 4 to 6) than that of the glacier tongue (subareas 1 and 2). The upper catchment is thus characterized by a less spatially correlated snow depth structure than the glacier tongue. Conversely, the glacier tongue seems to exhibit a more spatially correlated structure (D s ≈ 2.5). Analysis of the snow depth distribution for the four off-glacier subareas in 2011 (Table 2 of the supporting information) shows that the fractal dimension at short and long range on the glacier tongue are similar to those found off glacier.
We also identified a scale break distance below which neighboring observations are autocorrelated and, conversely, weakly correlated or uncorrelated beyond it. We found scale break distances of about 20 m on the glacier in both years when analyzing the entire glacier. Similar scale break distances are found for the tongue subareas ( Deems et al. (2006 Deems et al. ( , 2008 in a vegetated site with steep terrain above the tree line (26-40 m). Within the range found by previous studies, shorter break distances have been mainly regarded as the result of the interaction between surface features (such as vegetation characteristics or surface roughness), precipitation, and wind pattern Trujillo et al., 2007) , while longer break distances have been suggested to result from the interaction of larger topographic features (relief, terrain concavity, and convexity) with wind pattern (Deems et al., 2006; Trujillo et al., 2007) .
While our results are coherent with those reported for snow-covered areas, it is difficult to compare them with those of the other two studies on snow patterns on glaciers. On one hand, the study by Helfricht et al. (2014) on a glacierized catchment in the Austrian Alps did not identify a scale break. The authors investigated the snow depth spatial distribution of the two glaciers Hintereisferner and Kesselwandferner (and of few other small glaciers) in the Ötztal and found no break in the scaling behavior between shorter and longer distances. The snow depth behavior was interpreted as scale-invariant only over 100 m. On the other hand, our findings are in agreement with the results by Arnold and Rees (2003) , who found scaling behavior up to a distance of ≈ 50 m over the midre Lovénbreen (Svalbard, Norway) using snow depth data manually sampled along transects. Their scale break distances for peak accumulation are slightly larger than those we found, and this might be due to different characteristics of the glacier and processes generating the winter snow pack or differences in the sampling approach. These are the two only studies of snow depth fractal properties over glaciers in addition to the one presented here. It is thus apparent that there is a need for further work on the scaling properties of snow over glaciers, to establish whether our results are exceptional for Haut Glacier d'Arolla or represent general features of the glacier snow depth, and to understand under which topographic and climatic conditions fractal scaling patterns can be observed also over glacier surfaces.
Temporal Persistence
Also in agreement with the results of previous studies that have investigated the temporal stability of snow depth patterns (Deems et al., 2008; Helfricht et al., 2014; , fractal dimensions and scale break distances are similar in the two seasons, indicating persistence in the snow depth spatial structure over the two periods. The fractal dimension at the short range is slightly higher in 2011 than in 2007, particularly in the subareas 1, 6, and 7. This is likely related to the lower semivariances in correspondence of the first lag-distances (1-3 m), although it is clear that the increase of the semivariance is similar in both seasons.
Such consistent behavior seems to imply that processes generating the observed snow cover spatial organization in the two seasons are similar or interact in a similar way. The recurrence of snow cover patterns across years has been indicated to occur where the main responsible controls change slowly in time, such as for topography and vegetation, or where these fixed controls interact with dynamic ones, such as meteorological conditions, which show the same characteristics each year (Sturm & Wagner, 2010) . Some studies have, in particular, attributed the interannual stability of snow patterns to the recurrence of the prevailing direction of snow storm and drifts Winstral & Marks, 2014) .
The interaction between topography and consistent wind patterns is likely also the explanatory mechanism for the results of this study, as consistent wind patterns have been observed in both seasons during precipitation events (Figures 3a and 3b ). Fractal parameters are remarkably similar especially on the glacier tongue where winds have a more defined flow direction ( Figure 9 ) and less so in the upper catchment where wind is less consistent in direction. This area is more opened and less topographically constrained, and thus subject to varying winds of different origins.
Spatial Variability
While snow depth in the glacier subareas also shows a multiscaling behavior, there is a remarkable difference between the lower and upper sections of the glacier. The short-range fractal dimension on the tongue subareas is higher in the direction north-south compared to the other directions, while no such distinction is evident in the upper section of the glacier. Hence, on the tongue snow depth exhibits in the north-south direction a less correlated structure extending to larger distances. This finding, together with that of a lower value of the short-range fractal dimension in the direction east-west, indicates that on the tongue the short-range variability prevails in the direction east-west, while longer scale variability prevails in the north-south direction. This is evident also in the analysis of the correlation function of the snow depth, which on the tongue subareas decays more slowly in the direction north-south compared to the other directions, while no such anisotropy is evident in the upper section of the glacier (Figure 6 ).
These results, showing a significant difference between the lower and upper sections of the glacier, support the hypothesis that the interaction between topography and consistent wind patterns is among the explanatory mechanisms of the observed differences. The observed snow depth variability is a result of processes acting at two different scales: the small scale of snow accumulation interacting with small-scale features of the glacier surface and the larger scale of accumulation processes controlled by the larger-scale topography that constrain the general air flow on the glacier. During precipitation events, the prevailing wind directions observed at the permanent automatic weather stations in the period between the two lidar surveys indicate in both seasons the existence of a main flow from the upper catchment down to the proglacial valley along the main flowline (Figures 3a and 3b) . Due to the topographic constraint exerted by the surrounding mountains this corresponds to an air flow in the direction north-south over the tongue, while the wider shape of the upper catchment favor winds from varying directions. Recent modeling results (Clemenzi, 2016) with the mass-consistent model WINDS (Burlando et al., 2007) have shown wind to be north-south oriented on the glacier tongue and less so in the upper catchment (Clemenzi, 2016) . Several previous studies found wind to have a strong influence on snow depth patterns and their observed anisotropy and directionality. Our finding of largest short-range fractal dimension in the direction parallel to the prevailing wind direction differs from two previous studies, which found largest values of D s corresponding to the direction perpendicular to the prevailing wind direction (Deems et al., 2006; . The difference with the study by Deems et al. (2006) can be attributed to the presence of vegetation in that study case, which acted as an obstacle for the wind and was thus able to create more spatially persistent patterns in the short range region. In contrast to the study by , which found this result for the cross-loaded catchment slope (i.e., the slope loaded by the prevailing storms), the glacier is an area where horizontal and vertical wind velocity variations occur less abruptly compared to the catchment slopes regardless of the dominant storm direction (Clemenzi, 2016; Dadic et al., 2010b) .
This condition can favor the generation of a snow depth spatial structure extending to larger scale that reflects snow accumulation processes at larger scale, for example, the precipitation deposition controlled by the wind patterns and large-scale topography, as it occurs on the tongue along the flow direction and in the upper catchment. Topographic relief has been suggested by Deems et al. (2006) to be among the factors explaining longer scale break. In addition, little or no redistribution by wind has been associated to little or no directionality in the fractal properties of snow (Trujillo et al., 2007) , a finding that agrees with our results from the upper sections of the glacier (Figures 10 and 11 ).
Larger scale has been instead found to explain the majority of the snow depth variability in wind-dominated environments by Trujillo et al. (2007) . They found higher contributions of the larger-scale frequency to the variance of the snow depth profile along the predominant wind directions and the lowest along the perpendicular direction. This behavior was associated to the vertical interaction of wind patterns with obstacles such as ridges and depressions (and clusters of vegetation when present) along the predominant wind direction, while to the horizontal interactions of wind patterns with obstacles such as rocks and trees (when they occur). The scales of these processes depend on the separation distances between obstacles, on the wind velocities and surface conditions (Trujillo et al., 2007) . The results of our study are in agreement with the finding that snow depth variability at longer distances dominates in our case along the main glacier flowline, while the variability at shorter distance dominates in the perpendicular direction on the glacier tongue. In contrast, no significant differences are visible in the semivariance of the snow depth beyond the scale break between the two directions. This different finding compared to that of Trujillo et al. (2007) is likely due to the fact that on the tongue, where anisotropy in the snow depth correlation and fractal properties was found, pronounced glacier surface irregularity are mainly oriented in the direction parallel to the wind flow.
Analysis of the directional variograms of the DEM in snow-free conditions shows the topography structure of the glacier tongue subareas as characterized by two scaling domains in the direction east-west, which do not appear in the direction north-south ( Figure 12 ). The scale break in the direction east-west is compatible with the presence of these glacier surface features such as the lateral and medial moraines. However, correlation breaks in the glacier surface elevations are at a longer distance and the fractal dimensions are lower compared to those of the snow depth distributions. In contrast, the topography structure of the glacier tongue subareas does not show any scale break in the direction north-south. This suggests that the fast decay of the snow depth correlation in that direction is influenced by other factors. Similarly to moraines, meltwater channels are glacier surface features that, if not covered at the time of the first lidar survey, can contribute to generate snow depth small-scale variability (Helfricht et al., 2014) . The glacier tongue sub-areas are also those more influenced by snow avalanches as laterally confined by the catchment mountain slopes. These features, being longitudinally oriented, can generate shorter scale break in the direction east-west. 
Relevance and Implications
While wind seems to be a dominant mechanism to explain snow depth patterns and anisotropy, the deterministic causes generating those patterns, including the actual wind distribution on a glacier and the characteristics of wind-controlled redistribution and energy exchange processes, need more investigation. In absence of high-resolution intraseasonal measurements, which could shed light on the evolution of the seasonal snowpack, the actual mechanisms and causes of our results can only be investigated using models including all relevant physical processes (e.g., Lehning et al., 2008; Liston et al., 2007) . Our results provide one of the first assessments of the characteristic scales of snow depth over glaciers. The scale break, separating two distinct scaling and correlation regimes, is an important indication of the scales at which models should work (Trujillo et al., 2007) . When snow is analyzed at scales smaller than the scale break, the variability at small scales controlled by small-sale interaction becomes dominant (Trujillo et al., 2007) . The scale at which snow models work should be selected based on the scale break and the type of processes that models aim at simulating. Since scales are expected to change with the characteristics of glacier environments, it seems important to extend the analysis carried out here to other glaciers with distinct elevation ranges, flow regimes, surface properties and climate, to compile, as it has been done for snow, a robust range of characteristic scales.
Our results on temporal persistence are encouraging, since they suggest that wind is a key control of anisotropy and scaling properties and that once the actual controls are identified through rigorous physically based modeling, they seem to be stable in time and could be parameterized or modeled with simpler approaches than those including the full range of snow transport processes, which due to the complexity of the model equations and computational burden cannot be used for long-term model simulations.
Conclusions
In this paper, we have analyzed two gridded data sets of glacier snow depth at the peak accumulation, derived from helicopter-borne lidar surveys, with the aim of investigating if they exhibit fractal distributions and if their fractal properties are interannually consistent. There is only another recent study (Helfricht et al., 2014 ) that analyzed snow depth patterns and their scaling properties on a glacier using high-resolution lidar data sets. We extended the range of their investigation by looking closely at the snow spatial structure over different regions of the glacier (seven subareas selected to cover the main glacier), and over the accumulation and the ablation area, in particular, and by investigating the directionality and anisotropy of the scaling and fractal properties of the snowpack.
Our main conclusions are as follows:
1. In agreement with previous studies over mountain slopes, we found that also on a glacier snow depth shows fractal characteristics, with two distinct scaling regions separated by a scale break. This indicates that process dynamics changes within the glacier domain. The scale break, when considering snow over the entire glacier in all directions, is of the same order of magnitude as found in other studies, with values between 10 and 35 m. Fractal dimension values before the scale break (D s ) are lower than those after the scale break (D l ), indicating that snow depth has more autocorrelated structure up to a distance of about 20 m over the entire glacier. Lower values of the fractal dimension before the scale break were found also in previous studies that investigated snow depth fractal behavior. 2. Fractal parameters (the fractal dimension and the scale break distance) are similar in the two years, indicating that there is temporal consistency between the accumulation patterns at the end of the winter season. This is in agreement with previous studies on ice-free mountain areas and suggests that the interplay between the factors driving the snow distribution that builds the winter accumulation at the end of the season is consistent from one year to the other also on glaciers. This is a promising result for modeling studies, as it indicates that, once the main factors are identified, one can expect that they exert the same influence over different seasons. Fractal analysis alone cannot provide evidence of the controlling factors, but it seems that these remain, at least over an alpine glacier with size and shape such as Haut Glacier d'Arolla, stable over two seasons. 3. In contrast to the temporal consistency, spatial patterns are markedly different in the ablation area of the glacier tongue and in the upper catchment. Both D s and L increase from the tongue to the upper areas, suggesting stronger spatial correlation on the tongue. In addition, in the ablation area, we found longer scale break distances and less persistent snow depth distribution in the north-south compare to the east-west direction, while in the upper catchment this distinct behavior is not evident. 4. Previous studies have identified as the key controls on snow scaling properties and spatial correlation either topographic relief, vegetation, or wind. Vegetation is obviously absent on Haut Glacier d'Arolla. We have shown however that wind is a key control of the correlation structure and its anisotropy and directionality. Snow patterns over Haut Glacier d'Arolla seem to be controlled by two scales, one of small-scale interactions and processes and a larger scale of processes determined by the large-scale topographic features of the glacier interacting with the main air flow on the glacier tongue.
The results of this study provide evidence that snow depth distribution on at least some glacier surfaces has similar behavior to snow depth distribution on nonglaciated surfaces, and thus calls for further investigations on the extent of this finding and its main causes. They provide useful information for the spatial and temporal monitoring of snow accumulation patterns on glaciers with similar physical, topographic and flow dynamic characteristics as Haut Glacier d'Arolla and might also be used to support and evaluate snow accumulation modeling in glacierized catchments as they provide indications about the range and temporal behavior of the involved spatial scales.
